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Abstract 
A non-circular drawing sequence was investigated for manufacturing medium carbon steel wires with improved spheroidization 
of cementite for better cold workability compared to those produced by the conventional wire drawing. The wire drawing and 
non-circular drawing processes with 20% area reduction per each pass were numerically and experimentally applied up to the 
fourth pass (total area reduction of 59%). The drawn wire by the non-circular drawing sequence shows higher average effective 
strain value than the one of the wire drawing in the numerical result. To investigate the effect of prior cold working on 
spheroidization of the drawn wire, spheroidization annealing was conducted at subcritical temperature of 705oC for 2 h for both 
processes. According to the present investigation, the wires subject to subcritical annealing following the non-circular drawing 
sequence showed the reduced ultimate tensile strength and micro-hardness, and the enhanced reduction of area compared to 
those for the wire drawing. From upsetting test results, cold workability was also improved for the annealed specimen 
processed by the non-circular drawing sequence compared to the one produced by the wire drawing. Scanning electron 
microscopy (SEM) was employed to investigate microstructure changes during spheroidization annealing. Owing to the SEM 
results, the spheroidization of the annealed specimens processed by the non-circular drawing sequence was improved than the 
one produced by the wire drawing. It is demonstrated that the non-circular drawing sequence could manufacture the wires with 
improved spheroidization of cementite and cold workability compared to the wire drawing in the present work. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Nagoya University and Toyohashi University of Technology. 
Keywords: Non-circular drawing sequence; Spheroidization; Subcritical annealing; Medium carbon steel wire; Cold workability 
* Corresponding author. Tel.: +82-42-350-3227; fax: +82-42-350-3210. 
E-mail address: ytim@kaist.ac.kr, ytim@kimm.re.kr 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
683 Ho Seon Joo et al. /  Procedia Engineering  81 ( 2014 )  682 – 687 
1. Introduction 
Medium carbon steel wires, which contain carbon in the range of 0.2-0.6%, are widely used for manufacturing 
mechanical parts such as bolt and nut. To increase cold workability of the material and the service life of the dies, 
spheroidization annealing is usually applied to the medium carbon steel wires prior to cold heading. During the 
annealing the cementite phase in the steel acquires a spherical morphology which is the most stable one of steels, 
resulting in good ductility. However, since commercial spheroidization annealing usually consumes a large amount 
of time and energy, various studies were carried out to accelerate spheroidization behavior of the material. 
To improve spheroidization of the material by applying prior plastic deformation in the material, a number of 
studies also have been conducted. Shin et al. (2003) investigated equal channel angular pressing could improve the 
kinetics of spheroidization significantly. Ko et al. (2010) reported that the shear drawing process could accelerate 
spheroidization of the wire triggered by a large amount of plastic deformation compared to the wire drawing 
process. The overall effect is due to the combination of the mechanical fragmentation of cementite lamellae and the 
enhancement of carbon and iron diffusion induced by plastic deformation. 
For industrial applications, an alternative simple process needs to be developed for improvement of 
spheroidization behavior. In this regard, Hwang et al. (2014) recently proposed a non-circular drawing sequence to 
improve mechanical property of low carbon steel wire in a simple continuous way. They reported that the non-
circular drawing sequence could impose large plastic deformation on the material more effectively. In addition, 
Lee et al. (2014) reported that the multi-pass non-circular drawing sequence could manufacture high-strength wires 
with relatively improved ductility compared to the conventional wire drawing. However, their investigations were 
limited only to the low carbon steel wires. 
In the present study, the non-circular drawing sequence was applied to investigate spheroidization behavior of 
the medium carbon steel wire in comparison with the conventional wire drawing. To investigate the effect of the 
non-circular drawing sequence, spheroidization annealing at subcritical temperature of 705oC for 2 h was applied 
to the specimens obtained from the fourth pass wire drawing and non-circular drawing processes, respectively. 
Mechanical properties were measured by the tension and Vickers micro-hardness tests. Upsetting test was also 
conducted to evaluate cold workability of the processed wires. Scanning electron microscopy (SEM) was 
employed for the microstructural investigation. 
2. Experimental and numerical methods 
A commercially available medium carbon steel wire was used in the present investigation, and its chemical 
composition is given in Table 1. The diameter of 13 mm wire was used for preparation of the initial specimen for 
the experiments. Both processes like wire drawing and non-circular drawing were carried out up to the fourth pass 
with the same semi-die angle of 6o and 20% area reduction per each pass, as shown in Fig. 1. For the non-circular 
drawing sequence, the oval die with the length ratio of the major to minor axes of 1.33 was used for every odd pass 
similar to the previous works by Hwang et al. (2014) and Lee et al. (2014). The wires were drawn up to the total 
area reduction of 59% after each process. The drawing velocity applied to the experiments was 10 mm/s at room 
temperature. Commercially available MoS2 drying film lubricant was used for the specimen and die interfaces to 
reduce the friction effect for both processes. 
Three-dimensional finite element analysis was also carried out to investigate strain distribution at the cross-
section of the drawn wire by both processes. For numerical simulations, an in-house finite element program, 
CAMPform3D, developed by Kim and Im (2002) based on a rigid-viscoplastic constitutive model, was employed. 
Subcritical annealing was applied to the produced wires by the wire drawing and non-circular drawing 
processes, respectively. The drawn wires were heated to 705°C (below A1 transformation temperature) for 1 h, and 
were held at that temperature for 2 h. Then, these wires were cooled down to 540°C in the furnace and finally 
 
Table 1. Chemical composition of medium carbon steel wire used in experiments. 
 Components (wt. %) 
Material C Si Mn P S 
SWRCH45F 0.42-0.48 0.10-0.35 0.60-0.90 0.030 max. 0.035 max. 
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exposed to air cooling until reaching room temperature. 
To investigate mechanical properties of the wires such as ultimate tensile strength and reduction of area at 
fracture, tension tests were carried out twice for each case by employing Instron 5583 with a constant crosshead 
speed of 0.017 mm/s at room temperature. Tension specimen with the gage length of 25 mm and the diameter of 5 
mm was machined off from the processed wire.  
Vickers micro-hardness test was conducted for each condition by using Mitutoyo HM-122 to investigate local 
strength of the drawn wires. The wires were cut in the perpendicular to the drawing direction. These were cold 
mounted in epoxy resin with a catalyst. The specimens were prepared by mechanical grinding and polishing up to 
ȝPE\6L&SDSHUVDQGGLDPRQGVXVSHQVLRQV, respectively. The Vickers micro-hardness values were measured at 
11 points with regular interval of 0.77 mm along the line, excluding 0.3 mm at both ends of the specimen. 
Upsetting test was conducted to evaluate cold workability of the wires. The size of the cylindrical specimen was 
5 mm in diameter and 10 mm in height. The test was carried out using the hydraulic press. Commercially available 
grease was used to reduce the friction effect. The height of the compressed specimen was measured to calculate the 
compressive strain, as described in Eq. (1) for experimental measurement of the cold workability of the annealed 
specimen. 
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,   (1) 
where hi and hf are the initial and final height of the specimen, respectively. The upsetting test was continued until 
the surface crack was observed.  
SEM was applied to investigate the microstructure change of the annealed specimens produced by the wire 
drawing and non-circular drawing processes. The specimens were sliced into two at the middle part in parallel to 
the drawing direction and were mechanically ground and polished XSWRȝP. These specimens were etched by a 
nital and a picric solution for measurements. 
3. Results and discussion 
The numerical simulation results show that the drawing forces at the steady-state and average effective strain 
value of the non-circular drawing sequence were higher than those of the wire drawing as shown in Fig. 2(a). It 
was also found in Fig. 2(b) that the non-circular drawing sequence imposed higher plastic strain at the cross-
section for the fourth pass than the conventional wire drawing. 
The ultimate tensile strength values for both processes are shown in Fig. 3(a). The ultimate tensile strength 
values of the specimen produced by the wire drawing and non-circular drawing processes up to the fourth pass 
were 1076.7 and 1113.5 MPa, respectively. The specimen by the non-circular drawing sequence showed higher 
ultimate tensile strength value than the one of the wire drawing process. This result indicates that the non-circular 
drawing sequence could impose higher plastic deformation in the wire than the wire drawing process for the same 
area reduction. This experimental result shows similar tendency with the previous works by Hwang et al. (2014) 
Fig. 1. Schematic diagram of multi-pass wire drawing and non-circular drawing processes. 
Initial
Wire drawing process
Non-circular drawing sequence
1st pass 2nd pass 3rd pass 4th pass
13.00 mm
8.32 mm
8.32 mm
The same dies The same dies
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and Lee et al. (2014). From the electron backscattering diffraction, they showed that the non-circular drawing 
sequence could efficiently manufacture grain-refined wires with high dislocation density and potentially more 
high-angle grain boundaries compared to the conventional wire drawing process, resulting in strength increase. 
Because of the higher accumulated deformation energy in the drawn wire, spheroidization of the wire processed by 
the non-circular drawing sequence might be improved. 
In Fig. 3(a), the ultimate tensile strength values of the annealed specimens processed by the wire drawing and 
non-circular drawing processes were 566.6 and 523.8 MPa, respectively. The specimen processed by the non-
circular drawing sequence and spheroidization annealing showed 42.8 MPa lower than the one produced by the 
wire drawing and spheroidization annealing according to the present investigation. During the spheroidization 
annealing, the ultimate tensile strength values significantly decreased for the annealing time of 2 h. The difference 
of the ultimate tensile strength values between the initial specimen and annealed specimen after the wire drawing 
process was 510.1 MPa. It becomes 589.7 MPa for the non-circular drawing sequence. 
The reduction of area values are shown in Fig. 3(b). The reduction of area value of the specimen processed by 
the wire drawing process was 37.2% and the one of the non-circular drawing sequence was 43.8%. The reduction 
of area values drastically increased for the annealing time of 2 h in the present investigation and its values for the 
specimens processed by the wire drawing and the non-circular drawing processes were 63.8 and 71.7%, 
respectively. The reduction of area value of the tension test was the best measurement of workability from the 
literature (Dieter, 2003). It means that the annealed specimen after the non-circular drawing sequence has 
improved workability in a short annealing time. According to the work by Guo et al. (2012), remarkable decrease 
of strength and increase of ductility after the spheroidization annealing was attributed to the release of internal 
stress, the recrystallization of the deformed ferrite matrix, and the elimination of lamellar pearlite and the 
generation of spheroidized cementite in the microstructure.  
Vickers micro-hardness distributions of the deformed and annealed specimens for 2 h are shown in Fig. 4(a) 
with the average micro-hardness value and standard deviation for each measured point. The micro-hardness 
distribution of the specimen processed by the non-circular drawing sequence was higher than the one of the wire 
drawing process. The average micro-hardness values of the specimen processed by the non-circular drawing 
Fig. 2. Comparisons of the finite element analysis results: (a) drawing forces at the steady-state for different passes and (b) effective strain
distribution of the drawn wires at the cross-section for the fourth pass. 
Fig. 3. (a) Ultimate tensile strength and (b) reduction of area values obtained from tension tests for spheroidization annealing for 2 h. 
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sequence for the major and minor axes were 304.0 and 302.3 HV, respectively, and the one of the wire drawing 
process was 295.4 HV. The micro-hardness of the specimen annealed for 2 h shows more homogeneous 
distribution than the deformed specimens. Figure 4(b) shows that the average micro-hardness values of the 
specimen processed by both wire drawing and non-circular drawing processes significantly decreased during the 
annealing time for 2 h. The annealed specimen after the non-circular drawing sequence shows lower hardness 
value than the one after wire drawing process in this figure.  
Upsetting specimens were compressed for various compressive strains until surface crack appeared, as shown in 
Fig. 5. According to the upsetting test results, the specimens produced by the wire drawing process and the non-
circular drawing sequence were cracked at the compressive strains of 2.27 and 2.43, respectively. Therefore, the 
specimen processed by the non-circular drawing sequence showed better cold workability than the one produced 
by the wire drawing process. According to the work by Ma et al. (2004), cold workability was particularly 
sensitive depending on the microstructure and was greatest for the specimen with the completely spheroidized 
microstructure. In this regard, it is expected that the spheroidization of the specimen processed by the non-circular 
drawing sequence might be better than the one produced by the wire drawing process.  
The SEM micrographs are presented in Fig. 6. Microstructure changes of the initial specimen and specimens 
produced by the wire drawing and non-circular drawing processes and spheroidization annealing for the annealing 
time of 2 h can be seen in this figure. The initial microstructure consisted RIDVRIWIHUULWHPDWUL[Į-Fe) and a great 
deal of pearlite which is a ferrite containing hard lamellar cementite (Fe3C) before annealing, as shown in Fig. 6(a). 
Figure 6(b) shows the microstructure of the initial specimen annealed for 2 h. Some cementite was changed into 
the spherical morphology. However, there was still a lot of lamellar cementite in the microstructure. It implies that 
a large amount of annealing times are needed to obtain spheroidized cementite without prior plastic deformation. 
The cementite of the specimen produced by the wire drawing process and spheroidization annealing for 2 h was 
broken up into spherical particles compared to the initial specimen, but the specimen still had many lamellar 
cementites, as shown in Fig. 6(c). On the other hand, most of the cementite in the specimen processed by the non-
circular drawing sequence was broken up into spherical particles for the case with spheroidization annealing for 2 
h, as shown in Fig. 6(d). This microstructural change affects mechanical properties such as strength and ductitlity. 
Fig. 4. (a) Distribution of measured Vickers micro-hardness with a standard deviation and (b) the average Vickers micro-hardness values for 
spheroidization annealing for 2 h. 
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Fig. 5. Upsetting test results according to various compressive strains obtained from specimen processed by (a) wire drawing and (b) non-
circular drawing processes for spheroidization annealing for 2 h, respectively. 
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According to the study by Tian and Kraft (1987), the initiation and development of spheroidization were associated 
with morphological defects such as kinks, holes, and fissures in the cementite plates. These defects in the cementite 
led to the break-up of large cementite plates into small particles during spheroidization annealing. Therefore, it is 
construed that higher plastic deformation incurred by the non-circular drawing sequence could initiate the defects 
in the cementite more than the one by the wire drawing process, resulting in acceleration of spheroidization of the 
material.  
4. Conclusions 
The current study was conducted to investigate the effect of the non-circular drawing sequence on the 
spheroidization behavior of the material. The annealed specimen processed by the non-circular drawing sequence 
showed lower ultimate tensile strength and micro-hardness values with higher reduction of area values at fracture 
than those of the wire drawing process. The upsetting test results represent that the annealed specimen processed 
by the non-circular drawing sequence shows better cold workability than the one processed by the wire drawing. 
The SEM results also indicated that the prior cold working could accelerate the spheroidization of cementite during 
the spheroidization annealing and improved spheroidization could be obtained for the non-circular drawing 
sequence in less time compared to the wire drawing process. In conclusion, it was demonstrated that the non-
circular drawing sequence might be efficient in manufacturing medium carbon steel wires with improved 
spheroidization and cold workability with the subcritical annealing. 
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